ABSTRACT 10 µm radiation .has been detecte~ from 1413 + 135, one of the very red objects discovered by Rieke, Lebofsky, and Kmman at near-mfrared wavelengths. The spectrum of this object flattens at wavelengths longer than 2.2 µm. Upper limits are also given for the 10 µm emission from 2255 + 14, 0026 + 34, and 0406+ 121. Photometry between 1.25 and 2.2 µm confirms the variability of 1413+135 2255+41, and 0406+ 121. Five percent resolution spectra of 1413+135 and 0406+ 121 between d and 2.4 µm. show no e~ission or ~bsorption lines. The spectral data rule out the possibility that 1413 + 1351saquasarwithnormalhne strengths and a redshift 1.3 > z > 4. The lack offeatures of the 1..5-~.4 Jl!D spectra, th~ rapid v.ariability, and the overall shape of the radio, infrared, and X-ray energy dtstnbuttons are consistent with a BL Lac nature for these objects.
I. INTRODUCTION
. Rieke, Lebofsky, and Kinman (1979, hereafter RLK) discovered relatively strong near-infrared emission from flat-spectrum radio sources located in fields in which no visual counterparts had been identified. Subsequent observations have shown that these radio sources do indeed have optical counterparts, but ones with a visual magnitude fainter than ~ 19.5. In about half of the "empty fields " they observed, RLK found infrared sources with very red energy distributions; between 0.5 and 2.2 µm the spectral indices, a, (defined bys. oc v«), are about -3. Some of the sources showed significant variablity on time scales as short as 3 weeks. The extreme redness of the energy distributions led RLK to suggest that these sources might be members of a new class of quasars. . Since one of the most striking features of these objects ts the steepness of their energy distributions from the visual to the near-infrared, it is important to determine whether or not such a steep rise continues out to longer wavelengths. In this paper we show that the energy distribution of at least one of these objects flattens at wavelengths longer than 2.2 µm, approaching a distribution characteristic of BL Lac objects. 
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Palomar. A journal of the observations is given in Table 1 . The IRTF Ge:Ga bolometer was used with a 6" focal plane aperture and a 5 µm wide filter centered at 10.6 µm. The measurements with the 5 m telescope were made using a bolometer with a 4" focal plane aperture and a filter similar to that used at the IRTF. Observations with J( 1.25 µm ~ H( 1.65 µm ), and K(2.2 µm) filters were made using InSb detectors and focal plane apertures of 6" and 5" at IRTF and Palomar. A 5% resolution filter wheel was used at the 5 m telescope on 1980 February 11 (UT) to obtain spectra of 1413 + 135 and 0406 + 121 between 1.5 and 2.4 µm.
The sources were located by offsets from nearby stars. If RLK listed both radio and optical positions, the latter were used. Offsets between neighboring stars showed that offsets at both the IR TF and the 5 m telescope were more accurate than 0'.'5 over 30'. At the 5 m telescope it was possible to see and set the telescope directly on all of the sources using the TV acquisition camera. Within the uncertainties of setting the telescope, no significant discrepancies were found between the optical and radio positions.
In the case of 2255 + 41, there is a field star, fainter than ?·2 ~Jy at 2.2 µm, located about 2''.5 south of the object, 1.e., JUSt at the edge of the focal plane aperture. Although care was taken to exclude this star from the beam, the effects of variable seeing and/or poor guiding could have resulted in the contamination of the measurement of 2255+41at1.25 µm and 1.65 µm, ifthe star is of an early spectral type.
The infrared observations were calibrated with respect to the Caltech standards (Elias and Neugebauer 1981) ; the conversion from magnitudes to flux densities is listed in Neugebauer et al. (1979) . A correction has been made to the 10 µm fluxes for the effect of the different energy distributions of sources relative to those of the calibration stars. A spectral index of -1.5 was assumed for the sources, although the effect of assuming different indices is small relative to the statistical uncertainties. The sources are sufficiently faint that the dominant source of uncertainty in the photometry is purely statistical. Radio measurements were obtained contemporaneously with the 1980 July observations using the cooled 2.8 cm amplifier receiver on the 40 m telescope of the Owens Valley Radio Observatory. A feed system incorporating two identical feeds equally and oppositely offset from the radio axis gave an aperture efficiency of 41 % and a main beam half-power width of 3'.3. The observations were calibrated by observing a noise tube which in turn was calibrated daily by observing a set of calibration sources from Baars et al. (1977) ,including3C 48, 3C 123, 3C 227, 3C 286, and 3C 348. The radio data are given in Table 2 .
III. DATA a) Infrared Observations
Only the source 1413+135, of the four objects examined, was detected at 10 µm (Table 1 ) . For the other three objects, 3u upper limits of about 25 mJy were placed on the 10 µm flux density.
All four objects were found to vary in brightness at one or more wavelengths.1413+ 135and0406+121 varied at NoTE.-Additional radio data for 1413 + 135 from Hoskins et al. 1972 , Condon, Hicks, and Jauncey 1977 For the other two objects, the question of color variations is less easy to answer. In the case of 2255+41, the data suggest that the 1.65 µm flux density doubled and °'HK changed from ,.., -3 ± 1 to ,.., -1 ± 1 in somewhat less than 3 weeks in 1980 August. As noted above, although care was taken, the 1.25 µm and the 1.65 µm data are potentially sensitive to contamination by a nearby field star. The apparent change of slope for 0026 + 34 is oflow statistical significance. Thus the question of spectral variations has not been resolved by these data.
The near-infrared data also show that for 1413+135, 2255 + 41, and 0026 + 34 the energy distributions between 1.25 µm and 2.2 µm can each be described by a single spectral index, with no evidence for curvature. For 0406+ 121, the color data, averaged over all of the observations, give °'JH = -2.5 ± 0.5 and °'HK = -1.6 ± 0.2, suggesting, at the 2u confidence level, that there is a flattening of the spectrum longward of 1.65 µm. The 1.5-2.4 µm filter wheel spectra (Fig. 1) show that any spectral lines must have equivalent widths less than 30 nm for 1413+ 135 and 90 nm for 0406+ 121.
b) Radio Observations
The radio spectral indices are included in Table 2 . The spectrum of 1413+135 is concave, with a minimum lying between 6cmand11 cm. At 85 cm (Douglas et al.1980) , the source has a flat spectrum and is nonvariable and compact ( < 10"). At 20 cm the source is 10 % resolved on the shortest Very Large Array (VLA) baseline, but is unresolved at wavelengths shorter than 6 cm (VLA calibrator list 1979).
The two sources showing the strongest variations in the infrared, 1413 + 135 and 0406 + 121, are also variable at short radio wavelengths. In the case of 1413 + 135, 6 cm data from 1972 (Shimmins, Bolton, and Wall 1975 (VLA calibrator list 1979 show 50% variations over this time period. Douglas et al. (1980) and Hoskins et al. (1972) find no variation in the low-frequency component from [1971] [1972] [1973] [1974] [1975] [1976] [1977] . At 11 cm, 0406+ 121 varied by up to 30% over a 3 year period (Condon, Hicks, and Jauncey 1977; Shimmins, Bolton, and Wall 1975) . A comparison of our data with those of shows that neither 2255+41 nor 0026 + 34 varied significantly at 2.8 cm.
IV. DISCUSSION
a) The Nature of the RLK Sources Although BL Lac objects tend to be redder than quasars (Rieke and Kinman 1974 ) , such class distinctions are by no means firm. Smith and Spinrad (1980) have discovered a group of extremely red quasars, while Worrall et al. (1981) have found that X-ray selected BL Lac objects emit most of their power at optical and UV wavelengths rather than in the infrared.
At other wavelengths, 1413 + 135 is similar to BL Lac objects or to radio selected quasars. Its 2.8 cm to 10 µm spectral index is comparable to other high-frequency synchrotron sources (Jones and Hardee 1979; Rieke and Lebofsky 1980) . The 2 keV flux density from 1413 + 135 is 2.2 x 10-s Jy (Bregman et al. 1981 ; assuming a bandpass of 0.5-3.0 keV and an X-ray spectral index of -1.0), giving a spectral index between 10 µm and 2 keV of -1.4 ± 0.1. For the six quasars in common between the lists ofTananbaum et al. (1979) and Neugebauer et al. (1979) , the same index has a similar value, -1.2, with a dispersion of0.2. The ratio of optical and infrared luminosity to the X-ray luminosity is consistent with either the class of quasars or BL Lac objects (Tananbaum et al. 1979; Schwartz et al. 1979) .
In 1413+135 (1978) , the X-ray datum from Bregman et al. (1981) . The millimeter data are from Beichman, Neugebauer, and Soifer (1981) . All the observations shown for AO 0235 + 164 were obtained on 1975 October 26 and 27 (Rieke et al. 1976) . Data for BL Lac are from coordinated observations by Epstein et al. (1972) and from . The X-ray upper limit is from Schwartz et al. (1979) . Data for 3C 273 come from Jones and Hardee (1979 and references therein), Elias et al. (1978) , Neugebauer et al. (1979) , and Worrall et al. (1979) . The 1.5-2.4 µm spectrum of 1413+135 has none of the lines typical of a high-redshift quasar. Table 3 lists a number of spectral lines prominent in quasars, the range of redshift necessary to move a given atomic line into the range of observed wavelengths, the average value of the equivalent width of that line in a number of quasars, and the upper limits to the equivalent width of the line in 1413+135 and 0406 + 121. The observed equivalent widths have been reduced to a rest frame using the redshift necessary to shift the line to 2.0 µm. For 1413+ 135, the data convincingly rule out the presence of Hoc or HP + [O III] emission within the indicated redshift ranges. For the other lines, the upper limits are suggestive but not compelling. In the case of 0406 + 121, only the presence of Hoc emission can be ruled out. The infrared data strongly suggest that 1413 + 135 is not a quasar with normal line strengths at redshifts 1.3 < z < 4, and that 0406+ 121 is not a normal quasar with 1.3 < z < 2.7. Aaronson and Boroson (1980) have observed the latter source visually and found no spectral lines between 0.5 µm and 0.7 µm, which rules out redshifts of 0 < z < 0.4 and 0.9 < z < 1.5.
The brightness variations, the energy distribution, and the lack of spectral features all suggest that 1413+135 is an extremely red BL Lac object. Similar conclusions can be drawn for 2255 + 41 because of its variability and for 0406+121 because of its variability and lack of infrared or optical (Aaronson and Boroson 1980) spectral features.
b) The Shape of the Infrared Continua
The low level of the 10 µm emission detected from 1413 + 135 shows that its energy distribution flattens between 2.2 and 10 µm. Lebofsky (1981) has reported 3 µm and 10 µm measurements that show the same effect.
The short wavelength observations taken around the time of the 10 µm measurements show no brightness variations, so it seems reasonable to predict a 10 µm flux density of ,.., 200 mJy from the 2.2 µm flux density and °'HK· The average 10 µm flux density of 29-7 mJy clearly lies well below the predicted value. The observed 2.2-10 µm spectral index, °'KN• has the value -1.8 ± 0.2.
The significance of the 10 µm upper limit for 2255+41 is unclear because of the possible color variations in the • Given are the average values for the equivalent width, the dispersion, and (in parentheses) the number of quasars used in obtaining these quantities (Neugebauer et al. 1979; source. If, when observed at 10 µm, 2255 + 41 still had the steep, rx.HK = -4 ± 1, energy distribution as measured only 3 days earlier, the 10 µm upper limit is far less than the 175 mJy predicted by extrapolation from the short wavelength data. If, on the other hand, the energy distribution of 2255 + 41 had already flattened to rx.HK = -1.1 ± 0.5, as measured 10 days after the 10 µm observation, then the 10 µm upper limit lies well above the predicted flux density and does not significantly constrain the spectrum. Neither of the 10 µm upper limits to the emission from 0026+34 or 0406+ 121 is stringent enough to ascertain whether or not the energy distributions of these objects flatten longward of 2.2 µm. The 10 µm upper limits permit one to set a limit of IX.KN> -2.7.
As discussed above, the near-infrared observations of 0406+ 121 suggest a flattening between 1.25 and 2.2 µm. This result is consistent with optical measurements of 0406+ 121 (Aaronson and Boroson 1980) which show a visual spectral index of 3.8 and suggest a steady flattening of the spectrum to longer wavelengths.
Between 2.2 µm and 10 µm, 1413 + 135 resembles other quasars and BL Lac objects. In 21 quasars the average observed rx.KN = -1.2 ± 0.2 (Neugebauer et al. 1979) , similar to the value of -1.8 ± 0.2 observed for 1413 + 135. At the shorter wavelengths, the steepness of theenergydistributionof1413 + 135,rx.HK = -3.5 ± 0.1, is far different from those of the same sample of quasars for which the average observed rx.HK is -1.5 ± 0.1. This steepening of BL Lac energy distributions around the middle-infrared relative to those of quasars has been noted by Rieke and Kinman (1974) .
c) The Nature of the Continuum Emission Mechanism
In the previous section, data were presented which we believe indicate that the sources probably form the extreme red end of a distribution of BL Lac objects in much the same way that the faint 3CR quasars studied by Smith and Spinrad (1980) represent the red end of the distribution of quasars. The importance of these sources is that their extreme nature forces a close examination of the emission mechanisms thought to be operating in the whole class.
The radiation from 1413+135, 0406+121, and 2255 + 41 is probably non thermal in origin. Although the steepness of the near-infrared and optical energy distribution is reminiscent of thermal emission from dust, in the case of 1413+ 135 the shape of the 1.2-10 µm continuum is too broad to be fitted by any single-temperature blackbody curve. More importantly, the rapid time scale of variability almost certainly excludes a thermal mechanism. The equilibrium blackbody temperature for a grain located a few light weeks away from a 10 12 -10 13 L 0 source is 4000-6000 K, well above the vaporization temperature for typical grain materials (Salpeter 1974). Lebofsky and Rieke (1980) have made models for Seyfert galaxies invoking variable thermal emission, but the time scale of the variations is 1-2 years, the distance of the grains from the central source about 0.5 pc, and the equilibrium temperatures only 1500 K.
If the observed radiation is nonthermal in origin, it is still necessary to account for the steepness of the energy distribution shortward of 2.2 µm. While a steepening of the spectrum at optical wavelengths is characteristic of some BL Lac objects (Fig. 2) , in the RLK objects the steepening occurs at longer wavelengths than in other sources. One possibility is that the emission mechanism in these red objects is not appreciably different from that operating in other BL Lac objects, but rather that the location of the break in the spectrum is moved to longer wavelengths in the RLK sources by their being at a higher redshift than other BL Lac sources. The discovery that quasars of only moderate redshift, z < 1, can have extremely steep optical continua (Smith and Spinrad 1980) argues against this interpretation and suggests that the radiation from some quasars and BL Lac objects is intrinsically very red.
RLK have discussed the possibility that the lack of high frequency emission is due to a dearth of sufficiently energetic electrons. Future X-ray spectral observations of 1413+135 can be used to resolve this question. In the synchrotron self-Compton model (e.g., Jones, O'Dell, and Stein 1974) for continuum emission, electrons upconvert a small fraction of their synchrotron photons to X-ray energies. If the optical/infrared radiation represents the high energy end of the synchrotron emission (see also Rudnick et .al. 1978) , then breaks in the electron and optical/infrared spectra will cause a break in the X-ray spectrum with a ratio of X-ray to optical/infrared break energies given approximately by y 2 where y is the electron 1981ApJ...247..780B No. 3, 1981 EXTREMELY RED COMPACT RADIO SOURCES 785
Lorentz factor. For values of y of a few hundred (Jones 1979) , this model predicts an X-ray break energy near 10 keV. An alternative possibility is that absorption by dust around the source is responsible for reddening an intrinsically less steep spectrum. To estimate the amount of dust required, assume that the reddening by dust within the Galaxy is negligible for an object at b 11 = 65 (Burstein and Heiles 1978) and thatthe intrinsicocnK of 1413+135 is about -1.5, similar to other quasars (Neugebauer et al. 1979) or BL Lac objects (O'Dell et al. 1978) . Then the r:x.nK = -3.5 observed for 1413+135 implies an H-K color excess E(H-K) = 0.6 mag. For the standard interstellar reddening curve at zero redshift (Becklin et al. 1978) , this color excess corresponds to Av,.., 8 mag. Because the effect of redshift is to decrease the Av required to produce a given color excess, the true amount of dust present is likely to be substantially less, e.g., Av ,.., 4 mag for z = 1. This amount of dust is consistent with the infrared data and with an estimate of the visual magnitude of 1413 + 13 5, mv ,.., 21-23 mag, made from the TV guider at the 5 m telescope.
The question of dust in quasars and BL Lac objects is an open one. Smith and Spinrad (1980) have suggested that very red quasars such as 3C 68.l could owe their color to about 1-2 mag of internal dust absorption, although these authors point out that the lack of a 2200 A feature weakens the argument. and Puetter et al. (1981) have argued against the presence of substantial amounts of dust on the basis of the hydrogen line ratios observed in a number of quasars. A natural test for the presence of dust is to look at wavelengths longer than 10 µm for the reradiation of the energy absorbed by the dust (Ennis et al. 1981 ) . The data of Figure 2 show that any such search must be made at wavelengths between 10 µm and 1 mm. Further, if there is a large amount of intervening dust and if, as in the Galaxy, the column density of cool material scales with the dust column density (see, e.g., Ryter, Cesarsky, and Adouze 1975) , then the X-ray spectrum will indicate a substantial amount of low energy photoelectric absorption. If, for example, the absorption local to the source corresponds to Av ,.., 4 mag, the X-ray cutoff energy will be about 1.4 keV at the source.
V. CONCLUSIONS 1. The energy distribution of the very red extragalactic radio source 1413+135 does not continue its steep rise beyond 2.2 µm. Its spectrum must flatten between 2.2 and 10 µm. Unless 2255+41 varied significantly in the 3 days between the near-infrared and 10 µm observations, the energy distribution of this object must flatten as well.
2. An overall energy distribution from radio to X-ray wavelengths for 1413 + 135 shows that the spectrum of this object is not appreciably different from that of other quasars and BL Lac objects-except for the very steep optical and near-infrared region. The variability and the lack of spectral features suggest that 1413+ 135, 2255+41, and 0406+ 121 are BL Lac objects.
3. The steepness of the optical/near-infrared part of the spectrum could be due to an intrinsic lack of high energy electrons or to reddening by dust of a more normal energy distribution. Observations at submillimeter wavelengths or in X-rays should help to clarify this question.
